I. INTRODUCTION
The Kosterlitz-Thouless (KT) scenario of defectmediated phase transitions in two dimensions' has been tested more or less directly in numerous physical systems, including two-dimensional (2D) superfluids ' and proximity-coupled superconducting arrays, as well as in computer simulations of the critical behavior of XY systems. In the years since its first proposal, the widening applications of the binding-unbinding transition concept have made the question of when and where it applies an even more interesting one.
An especially direct test of the predictions of the KT model was suggested by Rosenblatt et al. " who studied thin, smectic-C (Sm-C) liquid-crystal films below the smectic-C, or tilted 2D liquid, to smectic-3 (Sm-3 ), or 2D liquid, transition temperature. This system can be imagined as analogous to the XY model if the projection of the director in the plane of the layers, c is taken as the XY order parameter (see Fig. 1 ). Alternatively, the Sm-C order parameter Oe'~c an be expressed in terms of the tilt from normal (8) and the azimuthal tilt in plane (P). The evolution of the director's tilt from normal I9 has been assumed to provide a smoothly varying temperature dependence which does not alter the character of the XY transition. However, due to experimental limitations, Roseoblatt et al. were unable to resolve one of the most striking predictions for the transition, the universal jump in the two-dimensional elastic constant. In a later paper, Heinekamp et al. ' observed via ellipsometry the variation of 0 with temperature below and close to the Sm-C to Sm-A transition temperature. Their analysis showed that a mean-field theory with effects due to enhanced surface tilts accounted for the main features of their data for 8. Io this paper, we present light-scattering and ellipsometry measurements on freely suspended films of the liquid-crystal p-dec yloxybenzylidene p-aminocinnamaic acid 2-methylbutyl ester, commonly abbreviated as DOBAMBC, which extend the prior results to the critical transition region.
II. THEORY b"r rxrI'"
(2.1) for T~T xr from above Txr in temperature, where go is of the order of the thickness of the film; for T & T~z, g+ =~. In addition, Nelson and Kosterlitz have predicted' that at the transition the 2D elastic constant E will undergo a discontinuous jurnp to zero in the higher temperature phase, with the universal value lim E =(2/n)k~T~y .
T~T~y (2.2) For the ferroelectric Sm-C* phase, to lowest order in ttt(r) and allowing for in-plane anisotropy, ' one can write a Landau free energy density F(P) in terms of fluctua- Kosterlitz and Thouless have predicted that the XY model will melt via a defect binding-unbinding transition. ' This phenomenon has several peculiar features when compared to a standard second-order phase transition. The thermodynamic variables of the system scale as powers of the correlation length g+ (defined as the length over which tilt order persists), but the correlation length itself does not scale as a power of the reduced temperature. Instead, its temperature dependence has an essential singularity at the transition temperature T~~, 41 4326 4327 fluctuations in the dielectric tensor of the material. ' "
The universal jump value should equal K*=(2/vr)kii T~), .
= -, '(Ki+K") = -, '(K»+K)Nh sin 0",
where 6' is the predicted jump in 0. Far from T~", the temperature evolution of 0 is considered to be given by mean-field theory; however, near T& " it is due to the effects of disclinations in the ordering field P(r) and the effective Tc " is identified with the Kosterlitz-Thouless transition temperature Tz&. . This analogy to KT melting should hold even in the presence of anisotropy, dipolar forces, and weak aligning electric fields for the correlation lengths we expect to probe in these measurements. ' This expression for F(P) allowed Rosenblatt et al. to solve for the spectrum of light elastically scattered from fluctuations in P which give rise to where r is the position within the plane; Po is the amplitude of the in-plane polarization of the ferroelectric liquid crystal; N the number of layers in the film; h is the thickness of an individual layer, equal to -33 A for small values of 0; E, the amplitude of an aligning electric field; and where the l and~~refer to directions in the smectic plane perpendicular and parallel to the in-plane projection of the director, respectively. The 2D elastic constants, which correspond to the restoring force in response to deformations of P(r) perpendicular to and along the direction of the average tilt, can be given in terms of the bulk splay, twist, and bend elastic constants K~" K&2, and K33 as = (P(q, ni)P "(q,co))
where g is a 2D viscosity and C and C' are constants. For the Sm-C regime, the g+' terms go to zero and one recovers the spin-wave limit. At some temperature above Tz~t hese q-independent correction terms become important; this will occur for -20 mK above Tc~f or q = 1000 cm ' in the material DOBAMBC. " This dependence of the scattered intensity I(q, t) and decay time wd on g+ and hence on reduced temperature is peculiar to the KT aspects of the transition, 1/rd~q +C'g~', rl 1 /I ( q )~Kq + C(+ ' .
(2.8a) (2.8b)
In the Sm-3 phase, for K=O the decay time and intensity go to zero roughly as g+. The bracketed terms in Eq.
(2.6) do not rescale the values of K or rj near Tc ". Simi-where P(q, co) is the time and spatial Fourier transform of' the azimuthal angle field, and the function S(q, co) is the spectral density of the free disclination field. The first term comes close to merely reproducing the spin-wave results of Rosenblatt et al. for (E,(q, t) E;(q, O)), while the latter two terms include the effects of free disclinations on the projected length of the director. The first term defines a characteristic length scale for q determined by the KT correlation length g+. The hydrodynamics will be Sm-C-like for qg+)&1 (length scales shorter than the correlation length) even above Tc ", exhibit a crossover region for q(+ -1, and be Sm-A-like for qg+ ((1. Thus the observed hydrodynamics should depend upon the length scale being measured, and hence upon the momentum-transfer vector q. The exact expression for the first term in Eq. (2.6) in the time domain is, ignoring polarization-dependent terms, and assuming
where A is a constant. Thus, even above Tc~, there are Sm-C-like fiuctuations, but their decay time varies as g+ and hence falls rapidly to zero with increasing temperature. Measurements were made as a function of temperature on thin, freely suspended films of the ferroelectric liquidcrystal DOBAMBC (see Fig. l ). ' Proton NMR spectra taken on the samples discussed here put an upper bound of 0.25 wt. % on the amount of hydrocarbon impurities present. Freely suspended films were prepared as described previously' by drawing the liquid crystal over a 0.315 cm X0.8 cm hole in a glass coverslip and permitting the film to thin to a uniform thickness. An electric field of -6 V/cm in the plane of the film was used to align the tilt and ensure a single-domain sample of the ferroelectric liquid crystal. The films were then inspected by eye through a 25 X telescope for orientational defects. They were maintained in a two-stage oven with temperature stability of -1 mK over the time scale of the measurements discussed here (about half an hour per temperature); dry nitrogen was fiowed through the oven to prevent degradation of the liquid crystal. The resolution in reduced temperature was limited to -10 mK by gradients in the film oven, while the measured hysteresis of the Sm-C to Sm-A transitions for the samples discussed here was~10 mK. Drifts in the transition temperatures were measured and compensated for in computing the reduced temperature; typical values were -8.5 mK/h for the ellipsometry measurements, and --0.2 mK/h for the light-scattering measurements.
(The ellipsometry experiments necessitated cutting small slits open to the environment in the oven windows, while the light-scattering results were obtained with a sealed oven, and hence a more stable environment. } The experimental apparatus, inspired by previous ellipsometry measurements on liquid crystals, ' ' is shown in Figs. 2(a) and 2(b). Slight modifications in the design of the apparatus allow either ellipsometry or light-scattering measurements to be taken on the same film. The ellipsometer used was in the polarizer-compensator-sampleanalyzer (PCSA) configuration. ' While the accuracy of the measured phase shifts was limited to 0.01', the precision of phase shift differences was +0.003' and this was the limiting factor in the measurement of 0. For the ellipsometry measurements, the phase shift of the films in the Srn-A phase was used to determine the thicknesses. For the light-scattering measurements, thicknesses were determined from the intensity of light reflected from the films.
The ellipsometry data were fitted by assuming that the (8) as a function of temperature for films three, four, five, six, and eleven layers thick, (a) -{e),respectively. The method for obtaining the values of 0* is indicated. Straight lines were drawn through the tilt data for values of temperature above and below the kink in the tilt data, and their intersection used as a measure of the jump in the data. The results of this process are given in Table I . dielectric tensor. With n, and n, known, only one value of polarizer angle sufficed to determine (8), the value of 0 averaged over the layers of the film, for a given temperature. ' These assumptions gave excellent fits to the measured data for all thicknesses and temperatures. The effects of fluctuations in P will reduce the measured value of (8); this corresponds to the effects of vortices on the effective elastic constants, and hence (8), close to Tc " in the KT theory. Figure 3 shows a summary of tilt data taken for films three, four, five, six, and eleven molecular layers thick with a temperature resolution of 15 mK. The general shape of the curves for all thickness films agree: far away from the critical region, there is a gradual, approximately linear, falloff in (8) as the temperature approaches Tc " from below, while close to the transition, there is a break in slope of the (8) curve above which (8) falls off rapidly to zero. As previously observed, the transition temperature is a strong function of film thickness; the possibility of nonuniformity of the tilt profile across the film thickness is indicated by the fact that, for the same reduced temperature, the value of (8) grows smaller as the thickness of the film under consideration increases. ' In a three-dimensional system, the critical temperature T&w ould be assumed to correspond to the point at which (8) goes to zero after the expected smooth, monotonic decrease with increasing temperature. In thin films, the situation can be more complex because of the more complex shape of the transition region and the nonuniformity in the tilt profile across the film.
In explaining these phenomena, we first considered the two simplest situations which could possibly arise: either every layer has the same value of tilt at the same temperature, in which case (8) is independent of N; or only a subset of the layers are tilted with the other layers remaining upright and effectively Sm-A. The observed dependence of (8) upon N for a fixed reduced temperature refutes the first hypothesis. In actuality, we find that when their critical regions are shifted to coincide, one can choose an arbitrary multiplicative factor f (N) such that when the average tilts for each N are scaled by f (N j, the data overlap exactly over a region within at least 5'C of the transition {see Fig. 4 ). We interpret this observation in the following fashion: if only the surface layers were ordered very close to the Sm-C to Sm-A transition, then the average value of the tilt would vary as (8(N) ) =28, /N, where 8, is the tilt angle of the two surface monolayers.
Hence the average tilts (8(N) ) for different thickness films should vary according to the same functional form as any given thickness (8 (3) elusion that for a range of temperatures close to the transition, it is appropriate to treat the system as two Sm-C monolayers on a Srn-A bulk film. Thus the strongest version of surface-enhanced ordering holds, and any effects due to enhanced, exponentially decaying tilt order in the interior layers of the films are negligible close to the transition. ' If the Sm-A interior layers were to completely screen the surface monolayers from each other, then this system would be an exact realization of the 2D XY system. The discussion presented below indicates the degree of interaction that actually exists between opposite surfaces.
We will now discuss the critical behavior of the monolayer Sm-C -Sm-A transition. Within approximately 0. 1'C of the temperature at which the tilt goes to zero, each set of data shows a significant change in slope of (8), above which the tilt goes very abruptly to zero (Fig.   3 ). In the data shown in Fig. 4 , this feature of the data has the same shape and position for each thickness film studied when the transition temperatures were shifted to coincide. We believe that this abrupt jump to zero represents the universal jurnp to zero predicted by Nelson and Kosterlitz for the XY model. ' We argue that the tilted surface monolayers undergo an XY transition, with the position in temperature of the break in slope corresponding to Tc "andthe value of (8) at this temperature corresponding to 0*. This possibility had been raised earlier by Rosenblatt et al. ' and Heinekamp et al. '2 The finite falloff of (8) above this curve due to rounding of the transition is possibly due to the temperature inhomogeneities discussed above. If this hypothesis is correct, then the size of the jump in 8 for each monolayer should be independent of film thickness. The size of the jump was measured using the simple graphical procedure, illustrated in Fig. 3 : a line was drawn through the values of (8) far below Tc ", where the tilt scales approximately linearly with temperature. The steep part of the curve above the kink in temperature was also fitted to a line and the intersection of these two lines was used as the value of 8*. Table I shows that when the jump in (, 8(N) ) is scaled by N/2 to obtain the monolayer jump value L9, ', then the same value is obtained for each value of N to within the error bars: 8, * = 11'+1'. Equation (2.5) can be used to extract values for the bulk elastic constant from the prediction for 8*; the values derived are E» =1.4X10 dyn, in good agreement with values of E» derived from previous bulk measurements and light-scattering data. ' ' Since Tc~depends strongly upon N, ' layer-layer interactions must play a strong role in the transition, unlike the case of monolayer freezing. This is also manifested in the eventual departure of (8) from the rule (8) =28, /N. ' Indeed, when the films were lowered in temperature toward the Sm-I phase, the average values of the tilt gradually approached the same values independent of N, eventually reaching the bulk saturation value of 30 at the Sm-C to Sm-I transition, as shown in Fig. 5 .
The picture that emerges has the two surface layer tilts growing for T & Tz~, after which successive interior layers gradually tilt also. This case resembles critical wetting, with the Sm-C tilt nucleating from the surface and gradually spreading into the interior of the film. This leads us to believe that the Sm-C to Sm-A transition proceeds via a novel wetting phenomena whereby over a fairly extended range in temperature only surface layers are ordered, with the ordering in additional layers setting in gradually as the temperature is lowered. Data for twoand four-layer films taken over the entire range of the Sm-C phase corresponded well to fits using the mean-field theory proposed by Dumrongrattana et al. for the bulk Sm-C to Sm-A transition (see Fig. 5 ). The analysis of Heinekamp et at. ' of films two layers and thicker showed that, except for the region nearest to the Sm-C to Sm-A transition, a mean-field theory with effects due to enhanced surface tilts accounts qualitatively for the main features of the (8) To further characterize the phase transition, lightscattering measurements were also performed on thin films, two, three, four, and five layers thick. The scattering geometry was such that by scanning the detector in the x-y plane, one could probe different directions in the 2D momentum-transfer vector q. The data described here were taken for a range of momentum transfer covering 1000 cm '~~q~~~4 000 cm ' and 2000 cm '&~q~~~4 000 cm '. From the light-scattering data taken as a function of q~~~, the average intensities and decay times, and hence the 2D elastic constants, Kj~~a nd 2D viscosities, g~~~, could be derived using Eq. (2.7) .
The basic physics observed can be shown by first examining the behavior of the average intensity (I(q) ) and decay time~d taken at a fixed value of q as a function of temperature. This is shown in Fig. 6 for a four-layer film.
Two temperature effects are noticeable here: within the Sm-C phase, rd is roughly constant [see Fig. 6(b) ], rising to a weak peak -30% higher than the value of 2.0X 10 sec at 112. 96'C and finally falling steeply off to zero at 113. 07'C. The intensity [Fig. 6(a) ] falls off approximately linearly as T approaches Tz~, with an abrupt break in slope at Tc "=112. 96'C, falling abruptly to a small but constant value at roughly 113. 07'C.
(The location of the actual transition temperature will be discussed below. ) These events are consistent with the expected physics based on the previously mentioned model. As the temperature is increased close to Tc~, there is a weak slowing down of the fluctuations in azimuthal angle, corresponding to the peak in~d', the intensity decreases because, while the fluctuations are becoming more highly correlated, the overall factor of sin 8 in the expression for the scattered intensity is becoming smaller due to the decrease in 0. This behavior was seen at all values of q probed. All DOBAMBC samples used exhibited these effects for every measurement obtained in this fashion, with roughly the same widths of the region between the two temperature anomalies for every film.
Our identification of Tc "asthe temperature at which the kink in intensity and weak peak in~d appear relies upon a comparison of the results of ellipsometry and light-scattering measurements on the same film. This was difficult to do in the geometry described above, so a slightly modified geometry, the polarizer-samplecompensator-analyzer configuration was employed. ' The light-scattering experiment was either set up after an ellipsometry measurement had been obtained and performed on the same film, as for the data shown in Fig. 7 , or the intensity autocorrelation functions were monitored while the polarization data was being measured to pinpoint where the peak in vd and the disappearance of the decaying exponentials occurred. The results for these two techniques are shown in Fig. 7 . The midpoint of the region in which the polarizer angle I'~8 goes to zero corresponds closely to the temperature where~d becomes unmeasurably small. The peak in~d and the kink in intensity correspond to the same temperature as the abrupt change in slope in 8 noted earlier, and ascribed to the universal jump in 0 at Tc~.
To see if the shape of the transition region was a fielddependent effect we studied the effect of the aligning field by taking data for a single film at three different field strengths: 6.35 V/cm, the usual value, and for fields one-half and one-fourth that value. The data taken near T&~a ll had the same functional dependence upon tem- four, and five layers thick when scaled by a multiplicative factor, we do not believe the shape of the transition region can be attributed to film thickness.
Using the suitable form of Eq. (2.7), the intensity and decay time data as a function of q could be analyzed to provide the dependence of K~~, K», and the 2D diffusion constants E~/rI~a nd K~~/g~~ ( Fig. 8) ; the values of the latter permit determination of the 2D viscosities as well. These material constants are predicted to decrease as the temperature is increased towards Tc "assin 8 [see Eq.
(2.4)]. As demonstrated by Fig. 8 , the derived values of K, and K~~d o indeed have the expected scaling property with respect to 8, confirming the predictions of the theory in spite of the nonuniform tilt profile across the film.
Our attempts to measure the universal jump in the 2D elastic constants were hindered by the fact that, since Sm-C fluctuations were visible throughout the entire region where 8%0', it was always possible to attempt to fit a value of K to the observed data, making it impossible to assign a lower limit on the universal jump in K. As the temperature was raised above what we have here called T~", weak Sm-C fluctuations persisted with progressively weaker dependence upon q. Thus the smallest values measured for Kj and K~~c orrespond to the last values at which good fits could be obtained rather than to a discontinuous jump in the elastic constants, so that, unfor-tunately, we were not able to correlate a jump in K~o r K~~w ith that observed in (8). However, as will be discussed below, this behavior of the light-scattering data is still consistent with the interpretation of the tilt data in terms of a universal jump in 0 at T& "asdescribed earlier, and with theoretical predictions for the transition.
The observed features of the Sm-C to Sm-A transition appear to be described by the dynamical theory of Heinekamp and Pelcovits. ' The crossover point in temperature they predict for which the dependences of the intensity and decay time on reduced temperature changes radically represents the effective XY transition temperature for the measurement and so might be conjectured to correspond to what has here been called Tc~. Above this crossover point, the system will effectively be in the Sm-A phase, even though correlated light scattering from fluctuations in the director persists indefinitely high in temperature, so that, as has been measured here, there is no single point at which fluctuations disappear altogether. Above the effective T& ", the intensity autocorrelation functions will still be singly decaying exponentials, but the intensity and decay times will fall off as g+ with b =(2'C)' [see Eqs. (2.1) and (2.7)]; both quantities will cease to depend upon q at some point above T& ", again in agreement with the measurements.
The test of these predictions is demonstrated in Fig. 9, which (circles) and the best fit to the intensity data (solid line), which gives b=1. 1; (b)~d (circles) and the fit to the~d data (solid line) holding b at the same value as found for (a). The fit was performed holding T& & at 112.965 and fitting for T~1 12.965 C.
Data points set exactly to zero had decay times too small to measure.
suits of fitting the intensity to the functional form (3.1) where C is some constant which cuts off the divergence in (+ at Tc ", with the transition temperature fixed at the temperature at which the anomaly occurs. As Fig. 9 shows, the agreement with the intensity data is quite good for b =1. 1'O' . The~d data were fitted with this value for b held fixed; they do not agree as well as the intensity data with this functional form, and the poor quality of the data above the anomaly make it impossible to obtain a meaningful fit to other values of b. The data presented here cover roughly an order of magnitude of reduced temperature and do not determine the exponent in Eq. (3.1) to better than 0.5+0.1.
The predicted dependence of the observed, effective Tc "on q should not be evident in these data because the shift in the observed Tc~depends only 1ogarithmically upon q, and the measured values of q do not cover a wide enough range. The theory does indeed predict different transition temperatures for ellipsometry and lightscattering measurements made on the same film, since these probe different length scales (for light scattering q-2000 cm ', while for ellipsometry the characteristic scale is -200 pm, the illuminated area's diameter).
From these values, one would expect T& " from ellipsometry to be lower than that for light scattering by onlỹ 0.01 mK, a difference unresolvable by these measurements.
IV. CONCLUSIONS
The picture of two tilted Sm-C surface layers undergoing a 2D XY transition is consistent with both the ellipsometry and light-scattering observations presented here.
These data present an especially nice confirmation of the Kosterlitz-Thouless melting theory, since the scaling of 0 with N conclusively demonstrates that only the surface monolayers order and hence the system should truly represent a two-dimensional system. The values for the universal jump in the surface tilt at which the curves for 0 abrupt1y go to zero agree for a11 thickness films measured and give predictions for the bulk elastic constants in agreement with other measurements on thin films and in bulk. This jump in 0 coincides in temperature with anomalies in the light-scattering intensity and decay times predicted to accompany the 20 XY transition. The theoretical predictions of Heinekamp and Pelcovits for the behavior of the intensity and decay times characterizing light-scattering above Tc~agree well over about an order of magnitude of reduced temperature with the measured data; these predictions correspond intuitively to a crossover from scattering by fluctuations in P to scattering by fluctuations in 8 caused by the defect unbinding transition.
